Abstract: Salvia officinalis L. (Lamiaceae) is one of the most widespread herbal species used in the food processing industry and for culinary and medicinal purposes. This work aimed to investigate changes in plant growth, water content, lipid peroxidation, H2O2, proline, and enzymes related to reactive oxygen species (ROS) detoxification including superoxide dismutase (SOD), peroxidase (POX), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR). Phenolic contents and antioxidant capacity values such as ferric ion reducing antioxidant power (FRAP), cupric ion reducing antioxidant capacity (CUPRAC) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging were studied under stress conditions of salt, cobalt and a combination of the two. No significant differences were found in relative water content and chlorophyll fluorescence under salt, cobalt and their combination. However, the osmotic potential and relative growth rate were enhanced with salt+cobalt compared to salt-treated plants. Salt and cobalt individually stimulated high antioxidant activity. High APX and GR activities were associated with the high proline accumulation in the sage plants under the combined effect of salt+cobalt. The combination decreased lipid peroxidation (TBARS), while H2O2 content was increased. This increase with the combined salt+cobalt effect may be associated with the decrease in CAT activity. Moreover, a strong correlation was found between TPC and TF content and antioxidant capacity measured via FRAP, CUPRAC and DPPH. The TPC, TF and antioxidant capacity values also increased under the salt+cobalt combination, suggesting an increase in antioxidant content in the sage leaves. Therefore, the combination of salt and cobalt improved the stress tolerance of S. officinalis.
INTRODUCTION
Common sage (Salvia officinalis L.) is one of the most widespread herbal species used in both culinary and medicinal preparations [1] . Like most other medicinal plants, sage is traditionally used as a medicine because of its diverse biologically active compounds, namely antioxidants. Rosmarinic acid and carnosol are the main compounds of all the antioxidant phenolic extracts isolated from S. officinalis [2] . The importance of this species for medicinal and cosmetic use and in the food processing sector warrants an investigation into the response of sage plants to undesirable environmental conditions like salinity, drought, heat and heavy metals.
Plants are living organisms and they need certain mechanisms to survive during their lifetime because of exposure to abiotic/biotic factors under field conditions. Unfavorable abiotic stress conditions cause electrons in a high energy state to be accepted by molecular O2 [3] . The changes in the metabolite levels of the plants result in reactive oxygen species (ROS) production [4] . In order to scavenge and detoxify overproduction of ROS, plant cells have developed various effective defense systems including enzymatic antioxidants such as superoxide dismutase (SOD), peroxidase (POX), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR) and non-enzymatic antioxidants such as glutathione, ascorbic acid, carotenoids, flavonoids and tocopherols [5, 6] .
Recent studies have revealed that more information is needed to understand the response to a combination of different abiotic stresses rather than to each individual stress alone [7] . In fact, crops are subjected to combined stress factors in the field. However, the positive or negative interactions of these abiotic factors require further investigation. Crops need to tolerate multiple stresses with a minimal effect on their growth and development. Zandalinas et al. [8] reported an unknown interaction between some abiotic stress factors according to the Stress Matrix. Therefore, novel combined effects of abiotic factors, especially in terms of the role of ROS in signaling are unexplored topics. Salt and cobalt are among these abiotic stress factors whose positive or negative interactions are not fully described in the literature in terms of physiological and biochemical changes. Soil salinity causes huge detrimental effects that restrict the growth, productivity and yield in plants [9] . Apart from awareness of the destructive effects of salinity in plants, the exact role of cobalt in plants is still under debate. Although cobalt has been recognized as a micronutrient in animals and certain microorganisms, until recently there has been no conclusive evidence of its essential role in higher plants [10] . Moreover, cobalt has been reported as a heavy metal pollutant in plants [10, 11] . In addition, there is little information about the combined effect of salt and cobalt on plants. For example, the growth and mineral composition of tomato [12] and wheat [13] , the endogenous hormone levels and proline content of barley [14] and the macro and micro element contents of maize [15] have all been evaluated under conditions of salt stress along with the application of different concentrations of cobalt. However, no studies have been conducted on ROS formation and the antioxidative defense system in S. officinalis grown under a combined salt and cobalt treatment.
As an important aromatic and medicinal plant, sage was selected for this study. Previous studies investigating S. officinalis have mostly focused on antioxidant activity and phenolic content. However, there is little information about the physiological and biochemical behavior of S. officinalis regarding ROS formation and detoxification under salt stress. This study aimed to examine the tolerance potential of S. officinalis when subjected to combined salt and cobalt based on changes in the values of relative plant growth (RGR), leaf relative water content (RWC), osmotic potential, chlorophyll fluorescence (Fv/Fm), lipid peroxidation (TBARS), hydrogen peroxide (H2O2) content, proline level, activities of antioxidant enzymes such as SOD, CAT, POX, APX and GR and antioxidant capacity.
MATERIALS and METHODS

Plant Material and Stress Applications
Salvia officinalis L. seeds were used in this study. The seed surfaces were sterilized with 70% ethanol for 5 min, rinsed in sterile deionised water and then immersed in 5% commercial bleach for 15 min. Finally, the seeds were washed at least five times with sterile dI-H2O in order to remove the bleach. The seeds were then germinated in the dark at 22 °C and 70% humidity.
After germination, uniformly germinated seeds were selected and cultivated in organic media made of peat moss, perlite and sand at a ratio of 1:1:1. The seedlings were grown at 27/22 °C (day/night) and a relative humidity of 70% in a controlled plant greenhouse. After thirty days, the pots were randomly separated into four groups: Control, Salt (NaCl), Cobalt (CoCl2) and Salt+Cobalt (Figure 1 ). For the salt and cobalt treatments, 100 mM NaCl and 500 μM CoCl2 were used, respectively. The concentrations were chosen according to preliminary experiments to induce physiological processes without killing the sage plants. Mature leaves were harvested after two weeks and immediately frozen in liquid nitrogen and stored at -80 °C for further analyses. 
Growth Analyses
Six random plants from each group were used for the growth analyses and separated into leaves and root fractions on Day 0 (before stress applications). They were then subjected to 14 days of stress treatment. The samples were dried in an oven at 70 °C for 72 h after which dry weight (DW) was determined. The relative growth rate (RGR) of the leaves was calculated from the dry mass data taken initially (Day 0) and at final harvest (Day 14) according to Hunt et al. [16] .
Lipid Peroxidation
Lipid peroxidation levels, determined as thiobarbituric acid reactive substances (TBARS), were detected according to Heath and Packer [17] . The amount of TBARS was calculated using an extinction coefficient of 155 mM -1 cm -1 .
Hydrogen Peroxide Content
Hydrogen peroxide (H2O2) content was measured according to the method described by Liu et al. [18] and determined at 410 nm in 1.5 ml of the reaction mixture containing 0.1% (v/v) TiCl4 and the appropriate extract. A standard curve prepared using known concentrations of H2O2 was used for calculations and the results were defined as l mol of H2O2 per gram of fresh weight.
Proline Content
Determination of free proline content was done according to Bates et al. [19] . Leaf samples were homogenized in 3% sulphosalycylic acid and the extracts were assayed for proline using the acid-ninhydrin method. The proline contents were determined using a standard curve prepared using known concentrations of proline as μmol proline g -1 FW.
Antioxidant Enzyme Extractions and Assays
For antioxidant enzyme activity assays, leaf samples were ground to a fine powder in an ice-cold mortar with liquid nitrogen and then homogenized in ice-cold 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM ethylenediaminetetraacetic acid (EDTA) and 1% polyvinylpyrrolidone (PVP). Ascorbate (2 mM) was added to the homogenization buffer for the APX activity assays. The protein content in the enzyme extract was assayed with bovine serum albumin (BSA) as the standard [20] . The SOD (EC.1.15.1.1) activity was measured using the method of Beauchamp and Fridovich [21] and assayed according to its ability to inhibit the photochemical reduction of nitro blue tetrazolium (NBT) at 560 nm. One unit of SOD was defined as the amount of enzyme needed for inhibition of the NBT photoreduction rate by 50%. The POX (EC.1.11.1.7) activity was determined according to the method described by Mika and Lüthje [22] . One unit of POX activity was defined as the amount required to decompose 1 μmol H2O2 per min -1 . The CAT (EC 1.11.1.6) activity was estimated according to the method of Aebi [23] . One unit of CAT activity was defined as the amount needed to decompose 1 µmol H2O2 per min -1 . The APX (EC 1.11.1.11) activity was measured according to Nakano and Asada [24] . One unit of APX was defined as the amount needed to oxidize 1 µmol ascorbate per min -1 . The GR (EC 1.6.4.2) activity was determined according to the method described by Foyer and Halliwell [25] . One unit of GR was defined as the amount required to reduce 1 µmol GSSG per min -1 .
Total Phenolic Compounds (TPC) and Flavonoid (TF) Contents
The TPC content of the leaves was determined by the Folin-Ciocalteu (FC) method [26] and the TF content was determined according to the AlCl3 colorimetric assay [27] . Gallic acid and quercetin were used, respectively, to prepare the calibration curves. Briefly, for the TPC content determination, 500 μL of the extract and the same amount of deionized water were mixed with 2% Na2CO3 (w/v) and 2 N FC reagent. After 30 min at room temperature (25 °C), a blue-purple color was formed as a result of the reaction and the absorbance was measured at 750 nm. The TPC content was expressed as μg gallic acid equivalents (GAE)/mg extract. For the TF content determination, a total of 1 mL reaction mixture was prepared by mixing the aqueous extract and 2% (w/v) AlCl3 (1:1) in methanol. This was incubated at room temperature for 30 min and the absorbance of the reaction mixture was then measured at 415 nm. The TF content was expressed as μg quercetin equivalent (QE)/mg extract.
Antioxidant Capacity Values
The ferric reducing antioxidant power (FRAP) assay was conducted according to the procedure described by Benzie and Strain [28] . The cupric ion reducing antioxidant capacity (CUPRAC) was determined following the method of Apak et al. [29] . The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity was measured according to the colorimetric assay described by Blois [30] . Briefly, the FRAP reagent was freshly prepared [300 mM acetate buffer (pH 3.6), 10 mM TPTZ (2,4,6-tripyridyl-s-triazine) and 20 mM FeCl-6H2O (10:1:1, v/v)] and kept at 37 °C. Next, 100 μL of each sample was mixed with 2900 μL of the FRAP reagent and the reaction mixture was incubated at 37 °C in the dark for 30 min. The absorbance of the mixture was measured at 593 nm against a blank. For the CUPRAC determination, 1 mL of extract was mixed with 1 mL of CuCl2 (10 mM), 1 mL of acetate buffer (1 mM, pH 7.0) and 1 mL neocupraoine (7.5 mM). The total reaction mixture was gently shaken and then incubated in the dark at room temperature. After 30 min, the absorbance was measured at 450 nm. For the DPPH determination, 1 mL of DPPH solution (1 mg/30 mL) was freshly prepared and mixed with 100 μL of the extract. The mixture was then incubated for 30 min in the dark. Absorbance of the mixture was measured at 520 nm. The results of these three antioxidant capacity values were expressed as nmol trolox equivalent (TE)/mg extract.
Statistical Analysis
All analyses were performed according to a completely randomized design. Each experiment was repeated as two biological replicates and three technical replicates (n = 6). The results were expressed as means and error bars were used to show standard error of the mean (± SEM). All data obtained were subjected to one-way analyses of variance (ANOVA) and the significant differences among all treatments were compared using Duncan's multiple range test, with P <0.05 considered as significantly different.
RESULTS
Leaf Relative Water Content (RWC) and Relative Growth Rate (RGR)
The RWC of the S. officinalis leaves did not change significantly with salt, cobalt or the combined salt and cobalt, as compared to the control plants (Figure 2A) . However, the treatment significantly inhibited the plant growth ( Figure 2B ). Salt stress reduced the RGR of the S. officinalis by 56.5% when compared with the control plants, while cobalt alone and the combination of salt and cobalt reduced RGR by 30.4 and 39.1%, respectively. On the other hand, cobalt caused a 60% increase in RGR compared to the salt-stressed leaves.
Chlorophyll Fluorescence and Leaf Osmotic Potential
Like RWC, no significant effect of salt and cobalt treatments alone on chlorophyll fluorescence of the S. officinalis was found in the present study ( Figure 2C ). However, significant differences were detected in osmotic potential level ( Figure 2D ). Salt and the combined salt and cobalt reduced leaf osmotic potential in this species. This decrease was 2.1-fold with salt and 29.3% with the combination of salt and cobalt, as compared to the controls. Interestingly, cobalt caused a 27% increase in osmotic potential. Table 1 . The TBARS level of the S. officinalis increased with the same intensity (4.9%) in both salt and cobalt treatments alone as compared to the control plants. On the other hand, the TBARS were reduced by 2.1% in the S. officinalis leaves under the combination of salt and cobalt.
There was no significant change in H2O2 content under salt stress, as compared to the control plants. However, the H2O2 content was significantly reduced by 30.6% with the cobalt treatment. Moreover, the combination of salt and cobalt increased the H2O2 content by 7% as compared to the controls.
In the S. officinalis leaves, the salt and the combination of salt and cobalt treatments enhanced the proline content by 32.6 and 72.6%, respectively when compared to the controls, while there was no significant change in proline level with the cobalt treatment. 
Antioxidant Enzyme Activities
The amount of SOD activity increased with both salt and cobalt applications ( Figure 3A ). The SOD activity in S. officinalis subjected to salt alone was increased by 3.7-fold, while cobalt increased it by 2.1-fold, as compared to the control plants. The combined effect of salt and cobalt also increased the SOD activity when compared to the controls, but this effect never reached the high levels produced under salt treatment.
The POX activity was enhanced significantly by salt, cobalt and their combination ( Figure 3B ). Compared to the control plants, these increases of POX activity levels were detected as 2.2-fold for salt, 2.6-fold for cobalt and 1.7-fold for the combination of salt and cobalt.
As with the SOD and POX activities, salt and cobalt alone enhanced CAT activity in the S. officinalis leaves ( Figure 3C ). Significant increases in CAT activity by 3-and 7-fold were demonstrated by the salt and cobalt treatments, respectively, while no change was caused by the combination of salt and cobalt as compared to the controls.
The APX activity in the S. officinalis leaves was increased by 54.5% with the salt and cobalt treatments alone in ( Figure 3D) . Moreover, the combination of salt and cobalt increased APX activity by 90.9% when compared to the control plants.
As with the other enzymes, cobalt increased the GR activity by 66.7% in the S. officinalis ( Figure 3E) . Surprisingly, GR activity was reduced by 26.7% with the salt stress as compared to the control group. On the other hand, the combination of salt and cobalt enhanced the GR activity by 33.3%. 
Total Phenolic Compounds (TPC) and Total Flavonoid (TF) Contents
The concentrations of TPC and TF of S. officinalis leaves grown under salt, cobalt and their combination are shown in Table 2 . Significant increases in both TPC and TF contents were observed under salt stress, which were 45.3 and 13% higher than in the control plants. Moreover, cobalt alone also increased TPC and TF contents by 15.3 and 7.7%, respectively, as compared to the controls. Although the combination of salt and cobalt enhanced TPC content by 21.1%, this combined effect did not cause any significant change in the TF content. 
Antioxidant Capacity Values (FRAP, CUPRAC and DPPH)
The FRAP, CUPRAC and DPPH activities were measured to determine antioxidant capacity and are shown in Table 2 . As with the TPC and TF contents, salt and cobalt treatments alone caused significant increases; however, salt resulted in higher increases than cobalt. Salt stress enhanced FRAP, CUPRAC and DPPH activities by 52.3, 57.8 and 59.1%, while cobalt increased them by 8, 5.5 and 57.8%, respectively, when compared to the non-treated control plants. Compared to the control group, the combination cobalt and salt treatment caused significant increases of 28.4, 17.3 and 58.9% in FRAP, CUPRAC and DPPH values.
DISCUSSION
Abiotic stresses applied individually cause detrimental effects in terms of the growth and productivity of plants. However, a combination of these abiotic stresses produces greater harmful effects [7] . To counter the stress, plants undergo a process of stress acclimation [4] . Salt and cobalt are two important abiotic factors which can restrict plant growth and yield. The injurious effects of salt have been reported in most studies [9, 31] ; however, information is lacking about cobalt. Although some previous research has reported cobalt to be an essential micronutrient [14, 15] , it is one of the heavy metals found in contaminated soils [10] . Moreover, Karuppanapandian and Kim [32] reported that cobalt caused irreversible damage to plant cells, resulting in the reduction of plant growth and decline in crop productivity and quality. Plants can survive if they are able tolerate stress conditions via ROS detoxifying antioxidant defense mechanisms.
In our study, the effect of the salt and cobalt combination on S. officinalis was very different from that of salt or cobalt applied individually. As in previous studies in the literature [9, 31] , salinity reduced RGR and osmotic potential while increasing TBARS and proline levels in the leaves. In higher plants, the level of cobalt concentration causing toxicity differs widely among species or genotypes within a species [33] . In this study, cobalt alone increased the osmotic potential and TBARS content while at the same time causing a reduction in H2O2 content in the S. officinalis leaves. Contrary to these findings, cobalt induced a significant reduction in growth and a dramatic increase in lipid peroxidation in barley plants [34] . Although salt and cobalt alone caused a significant reduction in the growth of S. officinalis, the combination of salt and cobalt increased RGR as compared to the salt-treated plants. The RWC and Fv/Fm were not significantly affected by salt, cobalt or their combination. In the present study, our results showed that plants grown under a combination of salt and cobalt accumulated more proline than plants grown under salt and cobalt alone. Moreover, the S. officinalis leaves maintained their water content and photosynthesis levels in order to protect the other vegetative parts of the plant. Only in the salt stressed plants did proline content increase while osmotic potential decreased. In contrast to our results, using cobalt resulted in increments in the growth, yield and quality of maize [15] , tomato [12] and Nigella sativa [35] under salt stress. Moreover, a correlation between H2O2 accumulation and a decrease in CAT activity was determined in the sage plants under the combined effect of salt and cobalt. The lower levels of TBARS found in the sage leaves suggested that they may have exhibited better protection against oxidative damage under the combined stress of salt and cobalt.
Antioxidant responses of different plant species to salt or cobalt application have been examined in a number of works [9, 10, 34] . However, none of these studies have included positive or negative interaction responses to a combination of salt and cobalt. Except for GR activity under salt stress, salt and cobalt treatments, both individually and in combination, led to an increase in SOD, POX, CAT, APX and GR activity in S. officinalis leaves. The SOD activity in salt-treated plants was higher than in those treated with cobalt alone or the combined stress, whereas increases in POX, CAT and GR activities were more pronounced only in the cobalt-treated plants. However, cobalt alone did not induce H2O2 formation. These increases in POX, CAT and GR may indicate the importance of cobalt for the redox balance of S. officinalis cells. Parallel to these results, salt stress alone markedly increased the CAT activity of Salvia miltiorrhiza leaves, but not the SOD activity [36] . Furthermore, in this study, CAT activity significantly diminished under combined stress. The increased H2O2 content may have been the reason for that reduction. The results of reduction in growth and osmotic potential and increase in TBARS and H2O2 content suggest that the sage plants used in this study exhibited an effective defense mechanism against the negative effects of combined cobalt and salt stress. Similarly, increases in activities of antioxidative enzymes were also detected in cobalt-treated barley seedlings [34] . However, there is little information about antioxidative defense enzymes in plants grown under a combination of cobalt and salt stress.
Abiotic stresses stimulate polyphenol synthesis and their accumulation [37] and these polyphenolic compounds participate in plant protection against ROS. Most studies in the literature are concerned with the polyphenolic compounds and the strong antioxidant activities of S. officinalis as a medicinal plant under either non-stressed conditions or one type of stress only [38, 39] . In the present study, Salvia officinalis exhibited higher TPC and TF content and antioxidant capacity values under salt stress. Hence, salinity caused strong radical scavenging activity against FRAP, CUPRAC and DPPH in the sage leaves. Moreover, the correlation between the phenolic and antioxidant activity in the sage used in this study suggests that these compounds are involved together in this activity under salt stress. Total phenol and flavonoid contents and DPPH and FRAP assays for antioxidant activity were measured under non-salttreated normal conditions and it was found that the activity of the extracts depended mainly on the extraction solvent and harvesting season [40] . The non-salt-treated methanol extract of Salvia verticillata subsp. amasiaca displayed high DPPH, FRAP and CUPRAC activities [41] . Similar to our results, Taârit et al. [39] reported higher phenolics and significant DPPH quenching activity in the same herb under salinity. Moreover, in other sage species (Salvia sclarea L.) 75 mM NaCl caused a reduction in phenolic contents and an increase in DPPH radical scavenging activity [42] . In another study with most findings similar to those of the present study, salt stress increased the total polyphenol content of Salvia mirzayanii and induced antioxidant synthesis [43] . On the other hand, other cobalt-related studies on sage plants were mainly concerned with heavy metal accumulation [44, 45] . Exogenous application of cobalt to sage plants was rarely covered in the literature. In our study, cobalt alone also increased the TPC, TF and antioxidant capacity values in sage. However, this increase never reached the high levels detected under salt and combined stress. To the best of our knowledge, this is the first study conducted on the activities of total phenolic and flavonoid contents and antioxidant capacity values (FRAP, CUPRAC and DPPH) of sage plants under combined salt and cobalt.
CONCLUSION
The results of this study showed that the responses of plants exposed to combined stress were different from those determined under each stress individually. There was a possible positive interaction between the salt and cobalt treatments. The RGR and osmotic potential were less affected when cobalt and salt+cobalt stresses were applied. Apart from reduction in growth and osmotic potential, the combined stress markedly increased the H2O2 content and lipid peroxidation in the sage. The proline content of the sage was enhanced under the salt stress, but not as high as that under the combined stress. The activities of antioxidant defense enzymes increased under all stress conditions, except for CAT under the combined stress. However, APX and GR in particular were suppressed under the combination of salt and cobalt as compared to salt alone. Moreover, sage has a high antioxidant capacity, as estimated via FRAP, CUPRAC and DPPH, and is rich in phenolic compounds under both salt and salt+cobalt stress. In summary, the combination of cobalt and salt treatments alleviated the negative effects of salt stress in S. officinalis. 
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